Abstract. We demonstrate the real-time imaging of laser-induced disruption of the cellular membrane in a living HeLa cell and its cellular response with a multifocus coherent anti-Stokes Raman scattering (CARS) microscope. A near-infrared pulsed laser beam tightly focused on the cellular membrane of a living cell induces ablation at the focal point causing a local disruption of the cellular membrane. After the membrane disruption a dark spot decreasing CARS intensity of 2840 cm −1 Raman shift at the disrupted site appears. This dark spot immediately disappears and a strong CARS signal is observed around the disrupted site. This increase of the CARS signal might be caused by resealing of the disrupted site via aggregation of the patch lipid vesicles in the cytoplasm. The accumulation of lipids around the disrupted site is also confirmed with three-dimensional CARS images of a cell before and after membrane disruption. The temporal behavior of the CARS signal at the disrupted site is observed to detect the fusion dynamics of patch vesicles. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Laser-assisted modification, dissection, and trapping of a single cell and its organelles are effective techniques for analyzing the characteristics of the cell because of their ability to make noncontact but direct access to intracellular organelles. [1] [2] [3] [4] [5] [6] [7] [8] [9] Manipulation of cells by these techniques has been studied using several imaging methods, such as electron microscopy, 10, 11 differential interference contrast (DIC) microscopy, 12 and fluorescence microscopy, [12] [13] [14] Although electron microscopy reveals the nanometer-scale morphological structure of the manipulated site, time-resolved imaging of a manipulated living cell is difficult because of the requirement for sample preparation steps, such as fixation and dehydration. On the other hand, DIC microscopy enables real-time observation with submicrometer spatial resolution without any sample preparation; however, molecular species and structures cannot be distinguished. Fluorescence microscopy selectively visualizes molecular species of a cell by staining with fluorophores, and real-time imaging of living cells is also possible. Unfortunately, fluorophores are often photobleached in observation and sometimes affect cellular functions of a living cell.
Coherent anti-Stokes Raman scattering (CARS) microscopy is a label-free and three-dimensional chemical imaging technique based on intrinsic molecular vibrations of a specimen. 15, 16 The molecular vibrations are very sensitive to molecular species and structures, and therefore, information about the molecular species and structures can be obtained via the molecu-lar vibration without staining. Because the CARS signal is anti-Stokes-shifted emission, the signal is easily separated with Stokes-shifted fluorescence. CARS is a nonlinear optical phenomenon, and thus, the spatial resolution of a CARS microscope is higher than that of a spontaneous Raman scattering microscope. CARS microscopy is therefore a powerful tool for visualization of cellular molecules in particular lipids with the strong CH 2 vibrations, [17] [18] [19] [20] and real-time imaging is also possible. 21, 22 In this study, the laser-induced disruption of the cellular membrane of a living HeLa cell was observed with a multifocus CARS microscope in real time. The resealing process around the disrupted site was visualized.
Materials and Methods

Multifocus coherent Anti-Stokes Raman Scattering Imaging System
The optical setup of the multifocus CARS microscopy system is illustrated in Fig. 1 , which is a modified system used in our previous study. 22, 23 The system consisted of two picosecond mode-locked Ti:sapphire lasers operating at different wavelengths (pulse duration of 5 ps, repetition rate of 80 MHz, Tsunami, Spectra-Physics, Mountain View, California), a high-precision pulse synchronization system, 24 an automatic pulse duration minimizing system, 25 a microlens array scanner (lens diameter of 0.58 mm, focal length of 11.6 mm, MLA1-DD, Nanophoton, Osaka, Japan), a modified inverted microscope (TE-200, Nikon, Tokyo, Japan), and an The two laser pulses were synchronized with the high-precision pulse synchronization system and were spatio-temporally overlapped. The laser beams were made incident on the microlens array scanner to split them into multiple beamlets. The beamlets were collimated with relay lenses and focused to multiple spots on the specimen with an objective lens (OL1; S Fluor, Nikon, Tokyo, Japan, ×40, (NA) = 0.85). The system produced 19 focal spots on the specimen from laser beams 4 mm in diameter. CARS signals from the multiple focal spots on the specimen were collected by another water-dipping objective lens (OL2; NIR Apo Nikon, Tokyo, Japan, ×60, NA = 1.0), and the excitation beams were cut with optical filters. The CARS signals were observed in parallel with the EM-CCD camera, and a CARS image was obtained by rotating the microlens array disk. The wavelength of the lasers were tuned to 709 and 887 nm to excite CH 2 stretching vibration mode of lipids at 2840 cm −1 . The spatial resolution in the xy plane of the multifocus CARS microscopy system was determined by the diffractio limit for the wavelength of CARS emission because a twodimensional image sensor was used. On the other hand, the spatial resolution along the z-axis was dependent on the excitation optics and the third-order nonlinearity of the CARS generation.
Near-Infrared Picosecond Laser-Induced Ablation System
Near-infrared pulsed laser-induced ablation has been used for less-invasive and spatially accurate surgery of a cell. 1 Nearinfrared pulse laser light focused with a high-NA objective lens forms a submicrometer focal spot and causes ablation at the focal spot via a photoinduced ionization effect. 26 In our setup, part of the excitation laser light (709 nm) was used for laser ablation and was made incident on the microscope from the opposite direction to the CARS excitation laser beams through the waterdipping objective lens with NA = 1.0 (OL2). The intensity and exposure time for the laser ablation were controlled by a neutral density filter and a mechanical shutter, respectively.
Sample Preparation
HeLa cells were cultured in Dulbecco's modified Eagle's medium (GIBCO, Grand Island, New York) with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotic/antimycotic solution (GIBCO, Grand Island, New York). For CARS imaging, HeLa cells were incubated on a glass-bottomed dish at 37
• C in 5% CO 2 for 24 h, and then the culture medium was replaced with a modified Tyrode's solution (1 mM D-glucose, 145 mM NaCl, 1 mM MgCl 2 · 6H 2 O, 4 mM KCl, 10 mM HEPES, 1 mM CaCl 2 , pH 7.4) or Ca-free Tyrode's solution (same as above omitting CaCl 2 ).
Results and Discussion
We obtained real-time CARS images of the cellular membrane disruption of a living HeLa cell induced by near-infrared laser ablation. Video 1 shows the real-time CARS images of a HeLa cell observed at 2840 cm −1 . As lipids have a strong Raman band of symmetric CH 2 stretching vibration at 2840 cm −1 , cellular membrane and organelles with lipids are visualized. The laser light for ablation was irradiated at 2 s in Video 1. The laser power and irradiation time used for ablation were 63.9 mW and 0.1 s, respectively. High-intensity plasma radiation was observed just after the laser irradiation. After the radiation, a dark spot and high CARS signal region appeared around the irradiated spot [Video 1(b)]. We thus concluded that the cellular membrane was disrupted with the laser irradiation. The dark spot immediately disappeared, but the high CARS signal remained for a few tens of seconds [Video 1(c)]. There are two possibilities for forming the dark spot; one is forming a hole in the membrane that directly indicates the membrane ablation, the other one is a shade of laser-induced bubble that is induced after membrane ablation. 27 Both of these processes disrupt the membrane. The high CARS signal region was 2.5 times higher than that from other regions of the cellular membrane, indicating that the molecular density of lipids was increased after the disruption. We considered that the increase of the CARS signal was the result of lipid vesicle resealing of the disrupted site. When a cellular membrane is injured, lipid vesicles in the cytoplasm accumulate at the disrupted site to prevent Ca 2+ entry because Ca 2+ influx leads to cell death. This is known as the emergency response of the cell. 28 The membrane resealing of a cell depends on Ca 2+ concentration in the surrounding medium. In the absence of extracellular Ca 2+ , the membrane resealing of a cell is not triggered. 28 To analyze Ca 2+ -dependent membrane resealing, we obtained CARS images of a laser ablated HeLa cell in external Tyrode's solution without Ca 2+ (Fig. 2) . The laser power and irradiation time used for ablation were 68.3 mW and 0.1 s, which is the same condition in Video 1. The cellular membrane of the HeLa cell was ablated and disrupted by laser irradiation. A dark spot (700 nm in diameter) decreasing the CARS intensity appeared, but increase of CARS signal was not detected. The dark spot, however, remained at least for a few minutes in contrast with the Ca 2+ -containing surrounding medium. The results indicates that the irradiating laser makes a hole of about a few micrometers in diameter. In this condition, the membrane resealing with lipid vesicles could occur if the Ca 2+ were contained in the surrounding medium. This result supports the fact that the CARS signal increase in the presence of Ca 2+ is caused by lipid resealing.
To confirm where the lipid vesicles accumulated, we observed three-dimensional images of the disrupted site in a HeLa cell before and after ablation. These are shown in Video 2. The laser power and irradiation time used for ablation were 134 mW and 0.1 s, respectively. The location of the disrupted site was confirmed with 2-D CARS imaging during the ablation. Threedimensional images of the HeLa cell were constructed from z-sectioned CARS images obtained by moving the specimen in 500 nm steps with a piezoelectric stage. The acquisition time of each cross-sectional image was 500 ms. After the disruption, a CARS signal around the disrupted site was increased. The strong CARS signal indicates the accumulation of the lipid vesicles in the cytoplasm around the disrupted site due to the resealing. Because the irradiation laser power was higher than that of other experiments shown in Video 1 and Fig. 2 , there was a great deal a of Ca 2+ inflow into the cell. Therefore, a large amount of vesicles in order to stop the Ca 2+ influx was gathered and the strong CARS signal region was observed inside of the cell.
We also observed the temporal behavior of the CARS signal at the disrupted site after ablation (Fig. 3) . The signal was obtained from a pixel of the CARS images at the disrupted site with a frame rate of 5 fps. The laser light for ablation was irradiated at 2 s. The laser power and irradiation time used for ablation were 63.9 mW and 0.1 s, respectively. High-intensity plasma radiation was observed just after the laser irradiation. About 1 s after the plasma radiation, the strong CARS signal region appeared at the disrupted site, which then decreased exponentially with a timeconstant of 23.8 s. The CARS intensity depends on the molecular density of lipids and the phase matching capability of the complex structure of fused lipid vesicles in the focal volume. The result therefore indicates the decrease of the molecular density of lipids around the disrupted site and/or the structural change of the lipid vesicles with time after ablation.
Resealing of the cellular membrane occurs by patching the disrupted site with vesicles in the cytoplasm, as follows: 28 A few hundred vesicles in the cytoplasm accumulate at the disrupted site and are fused with each other, which are triggered by Ca 2+ influx. The large united vesicles exocytotically fuse to the cellular membrane to seal the disrupted site. This process is well supported by our CARS measurements. The strong CARS signal around the disrupted site was observed only in the presence of Ca 2+ , and the localized CARS signal increase around the disrupted site was detected with 3-D CARS imaging. The CARS signal decay after the disruption suggests the progression of vesicle fusion. The volume of a vesicle is proportional to cubic of the vesicle radius, but the surface area is proportional to the square of the vesicle radius. The surface area is fixed with the amount of lipids. Therefore, by fusion of the vesicles, the density of lipids will decrease. The vesicles also exocitotically fuse with the cellular membrane. These phenomena will reduce the lipid density in the focal volume around the disrupted site. Besides, the CARS signal behavior also includes the structural property of lipid vesicles in focal volume because of the change of the phase-matching capability. In the repair process, the shape of the vesicles changes by fusing with each other. The membrane repair is performed with the changes of density and structure of lipid vesicles. The decay of the CARS signal therefore indicates the spatiotemporal progression of patch vesicles.
Vesicles for membrane resealing are mainly recruited via motor proteins, such as myosin and kinesin. Myosin and kinesin move along actin filaments and microtubules with vesicles, respectively. It is known that the first response of resealing is mediated by myosin-dependent vesicle transportation. 29 In our CARS experiment, the rise time of the CARS signal after membrane disruption was <1 s (Fig. 3) because the CARS signal just after the laser ablation was hidden by the plasma radiation. The reported speed of the myosin-mediated vesicle transportation was about 1-3.5 μm/s. 29, 30 Higher speed unknown vesicle transportation process was also suggested. 29 The observed area of Fig. 3 was near the plasma membrane because the axial resolution was ∼1.6 μm. The fast response via myosin that existed near the plasma membrane might be detected. To discuss the rise of the CARS signal, more high-speed imaging and optical filtering to remove the plasma radiation will be required.
Conclusion
In conclusion, we have demonstrated real-time CARS imaging of membrane disruption of a living HeLa cell induced by near-infrared laser ablation. In general, fluorescence microscopy is used to observe the distribution of vesicles in the resealing process. 28, 31, 32 However, accurate evaluation of the vesicle distribution is difficult because fluorescence microscopy involves the problems of photobleaching and the difficulty of staining the entire vesicles in a living cell. An electron microscope, such as an SEM or TEM, visualizes the nanometer-scale structure of vesicles. 33, 34 However, fixation and dehydration processes required for electron microscopy prevent real-time observation of lipid dynamics. Fortunately, because there is no photobleaching in CARS measurement and a CARS signal is generated via intrinsic molecular vibrations of lipids; CARS imaging can de-tect the distribution of lipids, which are difficult to stain with fluorophores. The real-time imaging of the resealing process by multifocus CARS microscopy allows us to monitor not only the lipid distribution at a disrupted site but also the lipid dynamics of the resealed vesicles.
We focused on lipid imaging of a cell in this study, but CARS imaging enables us to observe other molecular distributions, such as proteins and structural changes of molecules in cells and tissues by spectral analysis. We expect that this noncontact, optical imaging, and manipulation technique will open the door for revealing the nature of cells and for real-time diagnosis and surgery in medical applications.
